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We study transport mediated by Andreev bound states formed in InSb nanowire quantum dots.
Two kinds of superconducting source and drain contacts are used: epitaxial Al/InSb devices exhibit
a doubling of tunneling resonances, while in NbTiN/InSb devices Andreev spectra of the dot appear
to be replicated multiple times at increasing source-drain bias voltages. In both devices, a mirage
of a crowded spectrum is created. To describe the observations a model is developed that combines
the effects of a soft induced gap and of additional Andreev bound states both in the quantum dot
and in the finite regions of the nanowire adjacent to the quantum dot. Understanding of Andreev
spectroscopy is important for the correct interpretation of Majorana experiments done on the same
structures.
The superconductor-semiconductor hybrid structures
are of recent interest due to the possibility of induc-
ing topological superconductivity accompanied by Ma-
jorana bound states (MBS) [1–4]. More generally, when
a semiconductor is of finite size, proximity to a supercon-
ductor gives rise to subgap quasiparticle excitations, the
so-called Andreev bound states (ABS), that appear due
to successive Andreev reflections at the interfaces. Sin-
gle ABS have been demonstrated in a variety of struc-
tures including self-assembled quantum dots, semicon-
ductor nanowires, atomic break junctions, carbon nan-
otubes and graphene [5–11]. ABS exhibit many similari-
ties to MBS, and therefore ABS can be served as a pro-
totypical system for Majorana studies [12, 13]. A power-
ful experimental method for investigating both MBS and
ABS is via tunneling, either from a nanofabricated probe
or by scanning tunneling spectroscopy. The latter is typ-
ically performed on Yu-Shiba-Rusinov states which are
closely analogous to ABS but originate from magnetic
impurities in superconductors [14, 15].
In this paper, we focus on the mesoscopic effects within
the tunneling probes. We show that the non-trivial den-
sities of states (DOS) in the probes can drastically affect
tunneling characteristics by generating multiple replicas
of ABS. To experimentally investigate these effects, we
use semiconductor nanowires coupled to superconduc-
tors. ABS are induced in a quantum dot by strongly
coupling the dot to one superconducting contact. A sec-
ond superconducting contact and a nanowire segment ad-
jacent to it act as a tunneling probe. To explain our
observations, we consider the effects of soft induced su-
perconducting gap in the nanowire, and of additional
ABS induced in nanowire segments adjacent to the dot.
The surprising observation of sub-gap negative differen-
tial conductance (NDC) is found to be consistent with a
peak in the density of states of the probe at zero chemi-
cal potential, which is present even at zero magnetic field.
The exact origin of this anomalous density of states re-
mains an open question. Our findings emphasize the im-
portance of understanding the spectral structure of the
measuring contacts to interpret tunneling experiments in
mesoscopic systems. We expect them to be particularly
relevant for the MBS search in similar nanowire devices
[16–21].
InSb nanowires are grown using metalorganic vapor
phase epitaxy (MOVPE) [22]. We investigate two de-
vices that are drastically different both in the way they
are gated and in the way superconductivity is induced.
The first is an Al/InSb device which shows a two-replica
tunneling spectrum that can be understood by only con-
sidering the effect of a soft induced gap in the nanowire.
Building on the simpler example of an Al/InSb device, we
discuss the second, NbTiN/InSb, device in which multi-
ple replicas are observed. Properly describing this effect
requires a non-trivial DOS in the leads. All measure-
ments are performed in a dilution refrigerator with a base
temperature of 30 mK.
The Al/InSb device in Fig. 1(a) features an epitaxially-
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FIG. 1. (a) scanning electron micrograph of a representative
Al/InSb device. The shaded blue regions show the Al thin
shell with a break in the middle. (b) illustrative energy dia-
grams of a soft gap probe, a hard-gapped lead and an ABS
in the dot (solid lines) for two different source drain biases
V ≈ ∆/e (left) and V ≈ 2∆/e (right). (c) and (d) mag-
netic field evolution of the two-terminal transport. The field
is applied parallel to the nanowire axis.
matched thin shell of Al defined by molecular beam epi-
taxy (MBE), with a single break in the shell around
which the quantum dot is formed [23]. The wires were
allowed to age in air which possibly accounts for softer
induced gap. NbTiN contacts are fabricated on top of the
Al shell of the nanowire following Ref. 23, but supercon-
ductivity in the dot is primarily induced by the Al shell
since NbTiN is offset back from the break in the shell. A
combination of the back and side gates is used to define a
quantum dot by lowering the electron density primarily
near the break in the Al shell. In practice, the side gate
is fixed and only the effect of the back gate is explored
(see supplemental materials for quantum dot character-
ization). The dot is partially defined by disorder which
becomes prominent at low density.
In a hard-gap superconductor-superconductor tunnel
junction, conductance is expected to be zero for source-
drain biases |V | < 2∆/e, where ∆ is the superconducting
gap which is typically 200 µeV in aluminum [24, 25]. If
the probe is a soft-gap superconductor, conductance can
be non-zero at lower biases. Fig. 1(b) illustrates how
current can flow at a bias of V < ∆/e if a small DOS
is present in the probe within the superconducting gap.
Another current peak is expected when the gap edge of
the probe is aligned with the ABS in the dot, therefore
the same ABS is responsible for two peaks in transport.
In the Al/InSb device the conductance is non-zero
for |V | >∼ ∆/e, and two small conductance peaks are
found at V ≈ ±∆/e (Figs. 1(c),(d)) at zero applied mag-
netic field. We argue that conductance in the range
∆/e < V < 2∆/e is due to the soft gap effect which
makes tunneling possible when the center of the induced
gap in the probe is aligned with ABS level in the dot
located close to the gap edge, as in Fig. 1(b). Still, the
largest peaks at zero field are at ±2∆, which indicates
that the subgap density of states is relatively small. The
resonances at ±2∆ are accompanied by negative differ-
ential conductance (NDC) shadows around ∼ ±0.5 mV,
which is typical for tunneling transport between two su-
perconducting gap edges and arises due to a convolution
of two DOS peaks [26].
The conductance peaks at ±∆ and ±2∆ evolve in mag-
netic field. Both resonances split into two branches, one
of which moves to higher bias, while the other moves to
lower bias. This indicates that we are observing Zeeman
splitting of an ABS that is localized near the gap edge
at zero field [26]. The spectrum is doubled because the
same ABS is probed by the large density of states in the
probe at V = ∆/e and by the small density of states at
V = 0. This is confirmed by that fact that the branches
originating from ∆ are parallel to branches originating
at 2∆ at low field. Thus we are observing two replicas of
the same Andreev spectrum evolving in magnetic field,
offset in bias by V = ∆/e.
At B = 0.3 T resonances that originated from ±∆ co-
alesce at zero bias, resulting in a zero-bias peak [12]. At
the same field kinks are observed in higher bias reso-
nances around V = ∆/e. The kinks appear because the
positive and negative bias segments are shifted to +∆
and −∆ respectively by the probe at the gap edge. The
superconducting gap in the Al shell remains virtually un-
changed at B = 0.3 T. This is evidenced by the fact that
the upper branch of the 1∆ resonance meets exactly with
the lower branch of the 2∆ resonance at that field. How-
ever, the gap collapses at higher fields and vanishes at
B ≈ 1.0 T. Therefore the two replicas look less similar at
higher fields. We also note that the upper branch at +2∆
appears to split into three resonances at small fields, with
two of the branches moving down, a non-universal effect
which remains to be understood.
Having understood the doubling of tunneling reso-
3nances due to the soft gap effect, we now discuss the
less trivial behavior of the NbTiN/InSb device in which
more than two apparent replicas are observed (Fig. 2(a)).
In this device no epitaxial Al shell is present and the
nanowire directly contacts the NbTiN electrodes. This
device is fabricated atop of an array of fine local electro-
static gate electrodes with the center-to-center distance
of 60 nm. The gate dielectric is a 10 nm thick layer of
HfO2. The quantum dot is fully defined by local gates
labeled t, p and s for “tunneling”, “plunger” and “su-
perconductor”. The dot is defined close to the right su-
perconductor and the barrier above gate s is tuned so
as to strongly couple the right superconductor and the
dot. The left superconductor is separated from the dot
by a segment of a nanowire and a high tunneling barrier
defined above gate t. We vary the occupation of the dot
with voltage Vp on the plunger gate. This device has
been used in a previous study for which two dots were
defined in the same nanowire [27].
Data in Fig.2(b) show transport through the
NbTiN/InSb device as a function of plunger gate up to
a high bias of 5 mV. The lowest bias resonances (clos-
est to zero) exhibit behavior typical for ABS in quantum
dots: they form a “loop” by crossing zero bias twice at
approximately Vp = 520 mV and Vp = 540 mV. This is
explained by the dot undergoing a singlet-doublet ground
state transition at the nodes of the loop [7, 8, 10, 12]. In-
terestingly, four apparent resonances that follow the same
behavior of the upper half-loop are observed at increasing
values of positive bias in the gate range. The highest bias
resonance is at an energy consistent with twice the gap
of bulk NbTiN, which has been measured to be close to 2
meV (data not shown). Multiple Andreev reflections are
known to generate a series of subgap features, but this
effect is typically observed in symmetric structures, while
here p and t barriers are tuned to be highly asymmetric.
We also notice that the loop-like resonances at the cen-
ter of the gate range evolve smoothly into diagonal lines,
most clearly for Vp = 540 − 560 mV. These diagonals
resemble excited states of a quantum dot. This is not
expected for multiple Andreev reflection.
Guided by the experimental data, we start with a
model that includes a lead electrode with a hard gap
on the right, a soft-gap electrode on the left, and a quan-
tum dot in between (see supplemental materials for a
full discussion of the model). Such model, however, does
not generate multiple replicated spectra. To reproduce
that, we need to include additional ABS in the right lead,
presumably confined within the nanowire segment under-
neath the superconductor. Good qualitative agreement
is found with two ABS within the quantum dot and two
ABS in the right lead, with the left lead acting as a tun-
neling probe (Fig. 2(c)). Simulated conductance data are
presented in Fig. 2(d). The model exhibits multiple half-
loop structures at higher bias, as well as the diagonal
lines, which indeed originate from the excited states in
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FIG. 2. (a) Scanning electron micrograph of the
NbTiN/InSb device. Green dot marks the quantum dot,
white line is a conceptual confining potential set by gates t, p
and s. (b) Tunneling conductance through the dot as a func-
tion of bias and Vp. Arrows point to four apparent replicas of
the lowest loop-like resonance. (c) Illustrative energy diagram
with the soft gap probe, two ABS on the dot (QD1 and QD2)
and two ABS in the hard gap lead (LEAD1 and LEAD2).
(d) Theoretical model results as a function of dot on-site en-
ergy dot, with QD1,2 energies 
D
1 = dot and 
D
2 = dot − 1.7
meV, LEAD1,2 energies 
L
1 = 0.5 meV and 
L
2 = 1.5 meV, in-
duced pairing ΓS = 0.27 meV, parent gap ∆p = 2.7 meV and
Coulomb energy U = 6.8 meV (see supplemental materials
for model details).
the dot. The horizontal resonances that bind the lowest
loop are conventionally interpreted as the superconduct-
ing gap edge singularities. In our experiment this fea-
ture is observed at the scale of 0.4 meV, far below the
NbTiN bulk gap. The model shows that the horizontal
resonances are in fact the result of the hybridization of
the lowest-energy ABS in the dot with the lowest-energy
ABS in the lead. The lead ABS is not sensitive to gate
p therefore it appears as a horizontal resonance in the
model. We also note that in practice, both devices stud-
ied in this paper likely have soft induced gaps on both
sides, however essential features of the data are well cap-
tured with soft gap only on the probe side.
In order to illustrate the role of extra ABS, in Fig. 3 we
present the results from the same basic model, in which
4(�) (�)
(�) (�)
FIG. 3. Tunneling differential conductance at zero field across
a quantum dot between a soft-gap superconducting electrode
and a proximitized nanowire lead with a hard gap. The quan-
tum dot has one (a) or two (b-d) spinful levels, while the
nanowire has zero (a,b), one (c) or two (d) subgap Andreev
bound states. Magnetic field is zero in all panels, simula-
tion parameters similar to those in Fig. 2(d). See Fig. S1 in
the supplemental materials for details on the corresponding
energy spectra.
more and more states are added to the system in sub-
sequent panels. Fig 3(a) corresponds to a single spinful
ABS QD1 in the quantum dot, and no ABS in the lead. It
shows an Andreev loop around zero bias due to a soft gap
probe (white), and a replica at the bulk gap edge (red).
The Andreev loop separates the singlet regions (labeled
s0 and s2 in panel a) and a central doublet region d.
The three regions, which have different dot occupations
(0 in s0, 1 in d and 2 in s2), appear separated by dis-
continuities in this simulation due to the self-consistent
mean-field approximation used for the interactions in the
quantum dot. In Fig. 3(b), a second ABS QD2 is added
to the quantum dot separated by 0.35 meV from QD1[28].
At low bias, in the blue region, this yields a pair of res-
onances most clearly seen in the s0 region. At high bias
V > ∆/e = 2.7 mV, in the dark-red region, additional
parallel lines appear as replicas of the low bias QD1 and
QD2 resonances.
In Fig. 3(c) we have a single ABS in the dot QD1 and
an ABS in the lead (labeled LEAD1). The latter intro-
duces resonances that run largely parallel to the horizon-
tal axis as in Fig. 2(d). However, at the points where the
lead ABS is resonant with the dot ABS the features due
to QD1 and LEAD1 exhibit anticrossings. The lowest
bias resonance transforms into a loop confined to ±0.5
meV, well below the superconducting gap. The doublet
region d contains more resonances than singlet regions s0
and s2 because ABS of different spins are not degenerate
in this region.
In Fig. 3(d), we again have two ABS in the lead and
two in the dot, as in Fig. 2(d). Comparing with Fig.3(c),
we can see additional loops forming in the low bias region,
due to anticrossing of LEAD1 and LEAD2 with QD1 and
QD2. The higher bias loops, as probed by the soft gap
in the left electrode, show a stronger bias asymmetry in
terms of peak height than the primary loop around zero
bias. As already discussed, all of the low-bias features
develop strong replicas due to the gap edge in the probe
(red) accompanied by NDC dips (black).
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FIG. 4. (a) Data in the regime similar to Fig. 2(b). (b)
Illustrative energy diagram with a peak in the density of states
in the left probe that aligns with ABS, and produces NDC in
the loop-like structure within the superconducting gap.
In Fig. 4 we focus on the NDC features observed in
NbTiN/InSb devices since they represent an open chal-
lenge. The unusual aspect is that NDC is observed at
low bias, well within the superconducting gap (Fig. 4(a)).
The NDC regions trace out the loop-like Andreev reso-
nance, at certain instances dominating over the positive
differential conductance part. In differential conductance
measurements, NDC often appears when two peaks in the
density of states are aligned in the probe and the lead
contacts. Due to increased density of states, tunneling
current exhibits a peak which translates into a peak-dip
structure in differential conductance. This is why NDC is
often observed when tunneling from one superconducting
gap edge into another (e.g. as in Fig. 1(c) at V = 2∆/e).
However, NDC below the gap would require a peak in
the DOS of the probe at zero bias (Fig. 4(b)). Such peak
is included in the model calculation in Fig. 2(d). It is re-
sponsible for NDC at low bias in the model. Shifting the
DOS peak in the probe to finite bias results in additional
doubling of all resonant features and poorly matches the
5experimental data (simulation not shown).
The origin of this deduced zero-bias DOS peak, ob-
served in several devices, is unknown at present, but it
has significant implications for the interpretation of Ma-
jorana experiments done in similar devices, since MBS
also manifests as a zero-bias peak. One can rule out
Majorana as an explanation for this peak, because the
subgap NDC is observed regardless of the presence of
magnetic field which is a necessary ingredient for MBS.
A plausible scenario is the presence of an accidental dis-
crete zero-energy state in the probe region of the device.
The local gates in that part are tuned to highly positive
voltages to avoid creating additional quantum dots, and
the superconducting contacts to the nanowire are highly
transparent. Nevertheless, some bound states may also
appear in the probe segment due to its finite size.
An important conclusion for Majorana experiments is
that the tunneling probe can be more complex than a
Fermi level or a textbook superconducting DOS, as con-
fined quantum states can form in the adjacent nanowire
sections, resulting in additional transport resonances.
The presence of such additional resonances may compli-
cate the interpretation of experiments aimed at detecting
MBS in nanowires, and should be carefully considered.
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6SUPPLEMENTARY MATERIALS
Theoretical model. This section introduces the
model of the form H = Hd + HR + V for the quantum
dot coupled to the right hard-gap superconducting elec-
trode. The left electrode is treated as a superconducting
tunnel probe and is discussed later. The quantum dot is
modeled as a multiorbital Anderson model, with levels
Di , of the form
Hd =
∑
iσ
Di d
†
iσdiσ + U
∑
i
ni↑ni↓ (1)
where niσ = d
†
iσdiσ. As usual, we model the coupling
to the right superconductor by a self energy Σ(ω) that
captures the induced pairing ΓS in the dot resulting from
the parent gap ∆p. In the Bogoliubov-de Gennes basis
Di =
(
di↑, di↓, d
†
i↑, d
†
i↓
)
, this dot self-energy reads
ΣR(ω) =
1
2
ΓS√
∆2p − ω2
∑
iσ
D†i

−ω 0 0 −∆p
0 −ω ∆p 0
0 ∆p −ω 0
−∆p 0 0 −ω
Di
(2)
For the physics discussed here, it is a good approximation
to solve the above superconducting Anderson Hamilto-
nian in a Hartree-Fock mean field approximation, hence
neglecting Kondo correlations, for a discussion see e.g.
Ref. [29]. Clearly, this standard model of a proximitized
quantum dot does not capture in full the experimental
phenomenology (in particular the replicas described in
the main text), so we consider the possibility that the
superconducting electrode contains additional ABSs (ow-
ing to its finite length). The ABSs are described by the
term
HR =
1
2
∑
jσ
Li ciσciσ¯ + h.c., (3)
which is essentially a generalization of the so-called zero-
bandwidth model to include more than one quasiparticle
excitation in the superconducting lead. Note that for the
case of a two orbital Anderson model coupled to a single
quasiparticle excitation in the superconducting lead (see
Fig. 3c) our model recovers the double dot model of Ref.
[30].
For simplicity, we assume that the ABS are uniformly
coupled to the dot states through a spin-independent
hopping amplitude
V = t
∑
ijσ
d†iσcjσ + h.c., (4)
This minimal model for the quantum dot coupled to a
finite-size superconducting lead fully captures the physics
resulting from a microscopic model describing a quan-
tum dot coupled to a finite proximitized nanowire (not
shown).
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FIG. S1. Spectra of H = Hd +HR + ΣR corresponding to the
transport simulations in Fig. 3, where the self-energy ΣR(ω)
of Eq. (2) is taken at ω = 0.
The density of states at the dot is obtained by
taking the trace over electron-like dot states ρ(ω) =
− 1pi ImTrdotG of the retarded Green function G = [ω +
i0−H − ΣR(ω + i0)]−1.
Tunneling spectroscopy is performed through the left
superconducting lead, that is assumed to be tunnel-
coupled to the dot. Using the Keldysh formalism, it is
possible to write an expression for the current in terms
of Green’s functions of the above model (for details, see
e.g. the supplemental information of Ref. [12]. For very
asymmetric situations (such that the one described here
where the left superconducting lead just acts as a tunnel-
ing probe), the lengthy Keldysh expression can be sim-
plified and one can derive a tunnel-like expression of the
current which is just a convolution of the DOS in the
probe and the DOS at the quantum dot of the form
I ∝
∫
ρ()ρprobe(+ eV )[f()− f(+ eV )]d. (5)
The density of states in the probe contains a smooth
gap, modelled as a Dynes-BCS function ρprobe() =
Re ρBCS( + iηD), with a phenomenological Dynes de-
pairing imaginary part ηD = 0.01 meV and
ρBCS() = ρ0
||√
2 −∆2p
, (6)
with ρ0 the DOS at the Fermi energy of the probe in the
normal state. In simulations with a zero bias peak in the
probe, the latter is added as a Gaussian of width 0.25
meV.
7Vp
V
∆
−∆
Vp
V
∆
−∆
Vp
V
∆
−∆
Vp
V
∆
−∆
+ζ
−ζ
+ζ
−ζ 2∆
2∆ +ζ
−ζ
2∆
+ζ
−ζ
2∆
(b)
(c)
(d)
(e)
(f)
(g)
(h)
FIG. S2. Illustrative bias vs. gate plots with different tunneling probes. (a) Bias vs. gate plot with a normal
conductor probe. Positive dI/dV resonances are depicted in red. (b) Energy diagram with ABS energy +ζ at resonance with
the normal probe. (c-d) Bias vs. gate plot and energy diagram with a hard gap superconducting probe. The blue curves in
(c) depict negative dI/dV resonances. (e-f) Bias vs. gate plot and energy diagram with a soft gap superconducting probe (a
uniform DOS within the gap). (g) Bias vs. gate plot and energy diagram relevant for experiments on NbTiN/InSb devices.
The soft gap probe has a DOS peak at zero bias, which produces NDC at low bias in (g).
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FIG. S3. Back gate scan for Al/InSb device discussed in the main text. Differential conductance through the
device as a function of bias and backgate voltage shows the unintentional quantum dot present in the nanowire. The linecut
corresponds to the backgate voltage at which the data in Fig. 1 of main text are taken. Data obtained at zero applied magnetic
fields. At negative backgate voltages below -2.15 V, current-voltage characteristics resemble a hard gap regime, however the
induced gap likely remains soft and the suppressed conductance within the gap is due to an increased tunnel barrier.
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FIG. S4. Data from a similar Al/InSb device that is not discussed in the main text. (a) Tunneling conductance
through the device as a function of bias and backgate voltage. Gate voltages corresponding to panels (b) and (c) are marked with
vertical dashed lines. (b) Superconducting gap with no apparent additional resonances persists up to B = 1 T. In agreement
with data in Fig.S3, data obtained at more positive gate voltages, with more open tunnel barrier, reveal subgap structure due
to soft gap: (c) There are two resonances deviating from the gap edge at finite magnetic field as well as apparent replicas of
those resonances at half of the gap energy.
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FIG. S5. Replicas of subgap resonance at high bias. (a) Data from Figure 2 in the main text. One replica is traced by the
dotted line. Gate settings that correspond to panels (b) and (c) are marked by arrows. (b) Magnetic field vs bias dependence
at the gate position marked with (b) in panel (a). Note that at this gate position, only the negative bias branch of the lowest
resonance has high conductance due to asymmetric dot barriers. (c) Magnetic field vs bias dependence at the gate position
marked with (c) in panel (a). The interesting aspect of magnetic field dependences presented here is that all replicas appear
to shift in the same direction for positive bias. Magnetic field evolution of ABS has not been studied in the theoretical model.
(d) Bias vs. gate measurement in the open-dot regime showing anticrossing ABS rather than loops. These features are also
accompanied by high bias resonances which are qualitatively similar to replicas discussed in the main text.
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FIG. S6. Horizontal resonances. (a) Bias vs. gate measurement in the co-tunneling regime with the quantum dot decoupled
from both superconductor contacts. Vs = 50 mV and Vt = -500 mV. Horizontal resonances at multiple biases are observed.
They appear to be extensions of the diagonal lines, depicted by the green dashed lines. These data confirm that replicas are
related to excited states in quantum dots. “Even” and “Odd” mark tentative parities of dot occupations. The black arrows
indicate bias sweeps used in panels (b) and (c). (b) and (c) Magnetic field dependence of the resonance peaks in an odd and
even occupation diamond, respectively. Black dashed lines track the field evolution of the lowest resonances while green dashed
lines track the field evolution of the high bias resonances. A zero-bias peak is observed in panel (b) over a significant range of
magnetic field, however its’ connection to MBS is unlikely.
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FIG. S7. The effect of Vt in the closed-dot regime. dI/dV as a function of bias and Vp. Vs = 220 mV. (a) Vt = -685
mV. (b) Vt = -670 mV. *c) Vt = -655 mV. The gate t is expected to tune the DOS in the probe. Over this range of Vt, subgap
NDC is always present ruling out an intermittent state at zero bias in the tunneling probe.
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FIG. S8. Another dot created with the same NbTiN device. This dot is strongly coupled to the left superconducting
lead and tunnel-coupled to the right lead. The data show similar features such as multiple apparent replicas of loop resonances
connecting to diagonal resonances, as well as subgap NDC. dI/dV scans as a function of bias and Vp at various Vs and Vt. (a)
Vs = 50 mV and Vt = -700 mV. (b) Vs = 150 mV and Vt = -700 mV. (c) Vs = 225 mV and Vt = -700 mV. (d) Vs = 300 mV
and Vt = -700 mV. (e) Vs = 150 mV and Vt = -600 mV.
